Chronic obstructive pulmonary disease is associated with significant morbidity and mortality. Trials of maintenance chronic obstructive pulmonary disease treatments focus on improvement in lung function and reductions in exacerbations, while patients are much more concerned about symptoms and health status. Our aim was to investigate the effects of tiotropium + olodaterol on patient-reported health outcomes, breathlessness and night-time rescue medication use in patients with chronic obstructive pulmonary disease, compared to placebo, tiotropium or olodaterol monotherapy. Two pairs of replicate, phase III studies of 12 (OTEMTO 1 + 2) and 52 weeks' (TONADO 1 + 2) duration were evaluated, in which patients received either tiotropium + olodaterol 2.5/5 or 5/5 μg, tiotropium 2.5 or 5 μg, olodaterol 5 μg or placebo, all delivered once daily via Respimat inhaler. Patient-reported outcomes included breathlessness assessed by transition dyspnoea index focal score, health status assessed by St George's Respiratory Questionnaire total score and night-time rescue medication use at 12 or 24 weeks. Outcomes from the pooled study data are reported. Overall, 1621 and 5162 patients were treated in the OTEMTO and TONADO trials, respectively. Significantly larger improvements in St George's Respiratory Questionnaire and transition dyspnoea index focal scores were observed and a greater proportion of patients were responders to therapy (based on minimum clinically important differences in St George's Respiratory Questionnaire and transition dyspnoea index) with tiotropium + olodaterol compared to either monotherapy or to placebo. Tiotropium + olodaterol 5/5 µg significantly reduced night-time rescue medication usage.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is characterised by progressive airflow limitation that is partially reversible at best and is associated with chronic inflammation. Almost all patients experience breathlessness, chronic cough and sputum production. 1 In addition, impaired daily functioning, activity limitation and reduced health-related quality of life (QoL) can occur. 2 Several factors have been shown to significantly affect QoL in patients with COPD, including age, sex and disease severity. Improving QoL is not only important for patients but is also associated with reduced medical costs. 3, 4 Slowing deterioration in health status and symptoms may be as relevant to patient QoL as improvement and should be an important aim of COPD treatment.
Though airflow limitation is diagnostic of COPD and an important factor in patient disease risk, it does not necessarily correlate with patient symptoms or QoL. Indeed, QoL and symptomatic scores, measured by such instruments as the St George's Respiratory Questionnaire (SGRQ), have been shown to be more closely associated with frequent exacerbations and hospital readmissions in patients with COPD. 5, 6 Thus, assessment of patient-reported outcomes, which measure the impact of disease on the daily lives of patients, can be as important as objective measurements of airflow limitation in determining the benefit of treatment for patients with COPD. This is reflected by the Global initiative for chronic Obstructive Lung Disease (GOLD) classification of disease severity, which now includes patientreported outcomes used in clinical practice such as breathlessness (modified Medical Research Council score) or the COPD Assessment Test score. Frequent use of rescue medication can be a sign of increased respiratory symptoms and changes in rescue medication use may be an indicator of the efficacy of a treatment in controlling symptoms in patients with COPD.
In the daily management of COPD, tiotropium is an established once-daily long-acting muscarinic antagonist maintenance treatment that has been shown to provide a broad range of long-term improvements in lung function, QoL, exacerbation risk and exercise capacity. [7] [8] [9] [10] [11] [12] [13] Olodaterol is a once-daily long-acting β 2 -agonist (LABA) delivered via the Respimat inhaler, with high selectivity and fast onset of action for the treatment of COPD. [14] [15] [16] [17] The combination of tiotropium + olodaterol, which targets two different mechanisms of bronchodilation and is delivered via the Respimat, is approved in the USA, Canada, Australia and Europe, and has been extensively studied in a large phase III clinical trial programme. [18] [19] [20] [21] The impact of tiotropium + olodaterol on patient-reported outcomes has been evaluated and mean changes reported as primary end points in two sets of large, replicate, phase III trials-OTEMTO and TONADO. These studies differed in two significant aspects: the OTEMTO trials were active-and placebo-controlled studies of 12 weeks' duration, 19 whereas the TONADO studies were active-controlled 52-week studies; 18 and enrolled patients had moderate to severe COPD (OTEMTO) or moderate to very severe COPD (TONADO). Combining data from these two sets of parallel trials and assessing meaningfully important changes in patient-reported outcomes using responder and deterioration analyses allows us to better identify the clinical effect of these therapies and the proportion of patients that may benefit. By presenting data from these two sets of parallel trials side by side, we hope to better understand the impact of tiotropium + olodaterol treatment on outcomes that are of direct relevance to patients: in a large body of data; at two time points following 12 and 24 weeks of treatment; and across a range of disease severities. Furthermore, we present, for the first time, responder and deterioration analyses to better identify the clinical effect of these therapies and the proportion of patients that may benefit.
RESULTS

Patient disposition and baseline characteristics
In the OTEMTO studies, 1623 and 1621 patients were randomised and treated, respectively. Discontinuation rates were highest in the placebo arm. In the TONADO studies, 5163 patients were randomised and 5162 were treated. The discontinuation rate was higher for patients treated with a monotherapy, compared to patients treated with combination therapy.
Baseline demographics were generally similar across treatment groups. The majority of patients were male. In the OTEMTO studies, 47% of patients were current smokers, compared to 37% in the TONADO studies; 64% of patients in OTEMTO and 50% in TONADO were moderate/GOLD 2, with 11% of patients classed as severe (GOLD 4) in the TONADO studies ( Supplementary Table S1 ). Mean baseline dyspnoea index (BDI) focal scores and baseline SGRQ total scores were similar between treatment groups in the OTEMTO and TONADO studies ( Supplementary Table S2 ).
Breathlessness
All treatments improved symptoms of breathlessness, assessed via transition dyspnoea index (TDI) scores. At both 12 and 24 weeks, there were greater percentages of TDI responders in the tiotropium + olodaterol arm than in the placebo or monotherapy arms. At week 12, 54% of patients receiving tiotropium + olodaterol 5/5 µg were classed as TDI responders compared to 41% receiving tiotropium (P < 0.001) and 26% of patients receiving placebo (P < 0.0001) in the OTEMTO studies. After 24 weeks of treatment, 55% of patients receiving tiotropium + olodaterol 5/5 µg were classed as TDI responders compared to 51% receiving tiotropium 5 µg (not significant; P = 0.0546) and 48% in the olodaterol 5 µg group (P < 0.01) in the TONADO studies ( Fig. 1a ; Supplementary Table S3 ).
Furthermore, analysis of TDI deteriorators showed that a significantly lower proportion of patients experienced TDI deterioration at week 12 in the OTEMTO studies with tiotropium + olodaterol (9%) or tiotropium monotherapy (11%) compared to placebo (23%; P < 0.0001 for both comparisons). At week 24, there was a low proportion of patients classed as TDI deteriorators and a lower number of patients receiving either dose of tiotropium + olodaterol were classed as TDI deteriorators (Fig. 1b , not significant; Supplementary Table S4 ). An analysis of the time to TDI deterioration over 52 weeks in TONADO showed a delayed onset of deterioration for tiotropium + olodaterol 5/5 µg with hazard ratios (95% confidence interval [CI]) of 0.82 (0.71, 0.96; P < 0.05) vs. olodaterol 5 µg and 0.84 (0.72, 0.98; P < 0.05) vs. tiotropium 5 µg.
Analysis of TDI focal scores also showed that improvements in dyspnoea were greater in patients receiving tiotropium + olodaterol compared to either monotherapy or placebo in all studies. After 12 weeks of treatment in the OTEMTO studies, TDI focal scores improved by 1.62 units with tiotropium + olodaterol 5/5 µg compared to placebo (P < 0.0001) and 0.59 units compared to tiotropium 5 µg (P < 0.01). After 24 weeks of treatment in the TONADO studies, scores improved by 0.36 and 0.42 units with tiotropium + olodaterol 5/5 µg compared to tiotropium 5 µg (P < 0.01) and olodaterol 5 µg, respectively (P < 0.01) ( Fig. 2 ; Supplementary Table S5 ).
COPD-related health status SGRQ total scores improved in all studies with tiotropium + olodaterol compared to the respective monotherapies or placebo. After both 12 and 24 weeks of treatment, there was a higher percentage of SGRQ responders in the groups receiving tiotropium + olodaterol 5/5 µg. After 12 weeks of treatment in the OTEMTO studies, 52% of patients receiving tiotropium + olodaterol were classed as SGRQ responders compared to 41% receiving tiotropium 5 µg (P < 0.01) and 32% in the placebo group (P < 0.0001). After 24 weeks of treatment in the TONADO studies, 58% of patients receiving tiotropium + olodaterol were classed as SGRQ responders compared to 49% receiving tiotropium 5 µg (P = 0.0001) and 45% receiving olodaterol 5 µg (P < 0.0001) ( Fig. 3a ; Supplementary Table S3 ).
Significantly fewer patients receiving tiotropium + olodaterol 5/5 µg were classed as SGRQ deteriorators (18%) compared to tiotropium 5 µg (23%; P < 0.05) or placebo (30%; P < 0.0001) at week 12 in OTEMTO. Similarly, at week 24, significantly fewer patients were classed as SGRQ deteriorators with tiotropium + olodaterol 5/5 µg (14%) compared to either monotherapy (19% for both; P < 0.01) in the TONADO studies ( Fig. 3b ; Supplementary  Table S4 ). An analysis of the time to SGRQ deterioration over 52 weeks in TONADO showed a delayed onset of deteriorations for tiotropium + olodaterol 5/5 µg with hazard ratios (95% CI) of 0.70 (0.60, 0.82; P < 0.0001) vs. olodaterol 5 µg and 0.82 (0.70, 0.96; P < 0.05) vs. tiotropium 5 µg.
Analysis of SGRQ total scores showed the largest reductions from baseline for patients receiving tiotropium + olodaterol 5/5 µg ( Fig. 4 ), with a difference in SGRQ total score of 4.7 units with tiotropium + olodaterol 5/5 µg compared to placebo (P < 0.0001) and 2.1 units compared to tiotropium 5 µg monotherapy (P < 0.01) after 12 weeks of treatment (OTEMTO) ( Supplementary Table S5 ). After 24 weeks of treatment, the largest reductions from baseline were also seen for patients receiving tiotropium + olodaterol 5/5 µg ( Fig. 4) ; symptom scores were reduced by 1.2 units with tiotropium + olodaterol 5/5 µg compared to tiotropium 5 µg (P < 0.05) and 1.7 units compared to olodaterol 5 µg (P < 0.01) (TONADO) ( Supplementary Table S5 ).
Night-time rescue medication use
Patients receiving tiotropium + olodaterol 5/5 µg required less rescue medication during the night over the 12-week period of the OTEMTO studies. Rescue medication use was reduced at week 12 by 0.42 puffs/night compared to tiotropium 5 µg (P < 0.001; 95% CI −0.64, −0.20) and by 1.00 puff/night compared to placebo (P < 0.0001; 95% CI −1.22, −0.78) (common baseline mean [standard error (SE)]: 2.01 [0.06]) ( Fig. 5a ).
These differences between treatment groups in night-time rescue medication use reductions were sustained, even when followed for 1 year in the TONADO studies, with adjusted mean night-time rescue medication use significantly reduced for patients receiving tiotropium + olodaterol by 0.32-0.43 puffs/night compared to monotherapy at 24 weeks (95% CI: tiotropium + olodaterol 5/5 µg vs. tiotropium 5 µg −0.58, −0.28, and −0.47, −0.17 vs. olodaterol 5 µg), and by 0.55 puffs/night compared to tiotropium 5 µg (P < 0.0001; 95% CI −0.72, −0.39) and 0.28 puffs/ night compared to olodaterol 5 µg (P < 0.01; −0.44, −0.11) at 52 weeks (common baseline mean [SE] 2.20 [0.04]) ( Fig. 5b ).
Safety
Incidence of adverse events (AEs) was similar across treatment groups in the OTEMTO studies, with more AEs leading to treatment discontinuation in the placebo groups compared to the treatment groups. 19 In the TONADO studies, incidence of AEs was generally similar across treatment groups, ranging from 73-77% across treatment groups, with the majority being mild to moderate in severity. The majority of treatment-emergent AEs were respiratory events, particularly COPD exacerbations and infections. 18 
DISCUSSION
Main findings These studies demonstrated consistent improvements in patientreported outcomes and night-time rescue medication use with once-daily tiotropium + olodaterol therapy, administered via the Respimat inhaler. Significantly greater numbers of patients were responders to therapy with tiotropium + olodaterol compared to the monotherapies and placebo, and a lower proportion of patients receiving tiotropium + olodaterol treatment experienced a worsening in their condition. In addition, significant improvements in health scores (SGRQ), breathlessness (TDI) and night-time rescue medication use for patients receiving tiotropium + olodaterol 5/5 µg were also seen compared to either tiotropium or olodaterol alone or placebo.
The minimum clinically important difference (MCID) for the SGRQ was reached between the tiotropium + olodaterol arm and placebo in the OTEMTO studies. Although MCID values have not been established for comparisons with an active comparator medication, there were significant improvements in SGRQ total scores and a significantly larger proportion of SGRQ responders, and lower proportion of SGRQ deteriorators (patients who achieved an improvement or worsening larger than the MCID, respectively) with tiotropium + olodaterol compared to the active comparators. This suggests that there is an improved, clinically relevant benefit for patients in QoL after treatment with tiotropium + olodaterol, compared to tiotropium or olodaterol alone.
Greater improvements over placebo in TDI focal scores with tiotropium + olodaterol were observed in the OTEMTO studies compared to the TONADO studies. As was observed for SGRQ scores, improvements with tiotropium + olodaterol compared to placebo reached the MCID for TDI focal score in OTEMTO. A greater proportion of patients receiving tiotropium + olodaterol were classed as TDI responders, according to MCID criteria, compared to tiotropium monotherapy in both studies. Furthermore, the proportion of patients who experienced a clinically relevant deterioration in TDI score was low in both studies, with significantly fewer patients receiving tiotropium + olodaterol classed as TDI deteriorators compared to placebo, and a longer time to deterioration, compared to either monotherapy. As TDI responder rates were similar for tiotropium + olodaterol between the OTEMTO and TONADO studies, but larger in TONADO for tiotropium monotherapy, these treatment differences only reached statistical significance in OTEMTO.
Night-time rescue medication use was reduced with tiotropium + olodaterol, compared to monotherapy in both studies, and compared to placebo in OTEMTO. Since patient habit is less likely to influence night-time rescue medication usage, measurement of this parameter may provide a better measure of symptom control. In addition, sleep disturbance is known to impact on QoL in patients with COPD and night-time rescue medication usage may be an important surrogate for night-time symptom control. Importantly, once medication education has been provided, rescue medication usage is a patient-reported outcome that indirectly evaluates a patient's symptomatic status almost completely independently of doctor, nurse or other health-care professional contact.
Interpretation of findings in relation to previously published work
The results of our trial are similar to those reported for other longacting muscarinic antagonist/LABA combination treatments that have shown consistent improvements in lung-function and patient-reported outcomes, compared to placebo. Both oncedaily dosing of indacaterol + glycopyrronium and umeclidinium + vilanterol have shown significant improvements in forced expiratory volume in 1 s (FEV 1 ), SGRQ total score and TDI focal score compared to placebo after 26 and 24 weeks of treatment, respectively. 22, 23 However, in contrast to tiotropium + olodaterol, neither of these other combinations showed consistent improvements when compared to the respective monotherapies. Indacaterol + glycopyrronium was superior to the respective monotherapies for lung-function outcomes but not SGRQ total score or TDI focal score. In comparison to tiotropium (18 µg) monotherapy, indacaterol + glycopyrronium and umeclidinium + vilanterol both showed superior improvements in FEV 1 , SGRQ total score and TDI focal score, 22, 24 but little improvement over placebo was observed for tiotropium monotherapy in one study. 22 However, these studies may have been limited by using openlabel tiotropium for patients instead of blinded medications. Furthermore, no differences were seen between combined umeclidinium + vilanterol and tiotropium monotherapy in two other 6-month, phase III clinical studies. 25, 26 Studies consistently show that improvements in lung function are associated with fewer symptoms and improved health status and QoL. 22, 23 Strengths and limitations of this study The OTEMTO and TONADO studies presented here included a relatively broad range of patients with moderate to severe (OTEMTO) or moderate to very severe (TONADO) COPD and likely to require maintenance treatment for symptom management. These trials do have limitations. In the OTEMTO studies, patients with very severe (GOLD 4) COPD were excluded, as it was considered to be unethical for patients with very severe COPD to be randomised to placebo. In addition, the OTEMTO studies were conducted over a short duration (12 weeks). Nevertheless, results were broadly replicated in the longer TONADO trials, which did include patients with very severe COPD (11%). In the TONADO trials, the long duration of the study made inclusion of a placebo group unethical, limiting comparisons to active monotherapy treatments. Both sets of studies excluded patients with a significant disease other than COPD. This was defined as a disease that, in the opinion of the investigator, would put the patient at risk because of participation in the study, influence the results of the study or cause concern regarding the patient's ability to participate in the study. However, the majority of patients in the TONADO and OTEMTO studies (>85% and >95%, respectively) had diagnosed co-morbidities at baseline, including cardiac and vascular disorders. Therefore, we consider the patients included to be broadly representative of those encountered in clinical practice.
In these studies, we used the BDI and corresponding TDI to assess improvements in breathlessness following active treatment. These are validated scales frequently used in clinical trials 27 and the BDI has been found to significantly correlate with the modified Medical Research Council (mMRC) scale, 28 which is more often used in clinical practice. Although the BDI/TDI and mMRC scales likely assess different elements of dyspnoea, we nevertheless show that, numerically, a greater proportion of patients experienced clinically relevant improvements in breathlessness with tiotropium + olodaterol compared to placebo or tiotropium monotherapy.
Implications for future research, policy and practice Symptoms of COPD are of particular relevance to patients and complement the lung-function outcomes commonly assessed in clinical trials. Outcomes that reflect symptoms, dyspnoea and health status may better assess the impact for patients of their disease on day-to-day functioning and their perception of treatment effects. Of particular relevance for patients are those symptoms, such as breathlessness or cough, that may lead to night-time awakenings. Sleep disturbance is both common and bothersome for patients and affects QoL. 29 Finally, spirometry parameters may not adequately assess the impact of COPD and its co-morbidities on health-related QoL or relief from dyspnoea. Assessment of patient-reported outcomes, in conjunction with lung function, should help better evaluate the effectiveness of a treatment. 30 
CONCLUSIONS
These data suggest that tiotropium + olodaterol once daily provides greater improvements, and reduces deterioration, in health-related QoL and dyspnoea, and provides greater improvements in night-time rescue medication use when compared to treatment with tiotropium alone, olodaterol alone or placebo for patients with moderate to very severe COPD. Tiotropium + olodaterol can provide benefits beyond improvements in lung function that are of relevance to the daily functioning of patients with COPD, including improvements in symptoms and overall health.
METHODS
Study design
Details of the methodology of the OTEMTO (1237. 5 26] ). In the OTEMTO studies, patients received tiotropium + olodaterol 2.5/5 or 5/5 µg, tiotropium 5 µg or placebo, whereas in the TONADO studies, patients received tiotropium + olodaterol 2.5/5 or 5/5 µg, tiotropium 2.5 or 5 µg or olodaterol 5 µg (Fig. 6 ). Within the body of this manuscript, we have restricted our comparisons to the licensed dose of tiotropium + olodaterol 5/5 µg vs. tiotropium 5 µg, olodaterol 5 µg and placebo. However, for completeness, we have also Week 12
Week 24
Adjusted mean ± SE SGRQ total score change from baseline and previous thoracotomy with pulmonary resection or current enrolment in a pulmonary rehabilitation programme (or completed in the 6 weeks before screening). In addition, in the OTEMTO studies, patients were excluded if they had suffered any COPD exacerbation or symptoms of lower respiratory tract infection within the previous 3 months. In the TONADO studies, patients were excluded if using daytime oxygen regularly and unable to abstain during clinic visits.
Concomitant therapy
Inhaled corticosteroids could be continued during the studies providing the dose was stable for 6 weeks prior to screening. Long-acting muscarinic antagonists or LABAs other than study medication were prohibited during the screening or treatment periods, and short-acting muscarinic antagonists were permitted only during the screening period. Open-label salbutamol (OTEMTO) or salbutamol/albuterol metered-dose inhaler (100 μg per actuation) (TONADO) was provided as rescue medication for use throughout the studies. In the TONADO studies, temporary increases in the dose or addition of oral steroids or theophylline preparations were allowed during the treatment portion of the study; pulmonary function tests were not performed within 7 days of the last administered dose.
Assessments
In the TONADO studies, SGRQ total score was a primary end point, completed by patients on day 1 (baseline value) and after 12, 24 and 52 weeks of treatment. Breathlessness was assessed via the BDI and TDI. These are interviewer-administered scales that relate dyspnoea to three domains of daily living: functional impairment, magnitude of task and magnitude of effort. The TDI at 24 weeks was a key secondary end point in the TONADO studies. Patients completed the BDI on day 1. TDI was then completed at 6, 12, 18, 24 and 52 weeks, immediately after the SGRQ assessment. Safety end points included AE reporting (recorded throughout the trial regardless of causality), vital signs, 12-lead electrocardiogram (pre- In the OTEMTO studies, SGRQ total score was also a primary end point, completed at baseline then at weeks 6 and 12, prior to other assessments. TDI at 12 weeks was a secondary end point in the OTEMTO studies. The BDI was administered at baseline, with the TDI administered at weeks 6 and 12.
Statistical analysis SGRQ total score was analysed using combined data (OTEMTO 1 + 2 combined, TONADO 1 + 2 combined) using a restricted maximum likelihood-based mixed effects model repeated measures (MMRM) approach including the fixed, categorical effects of treatment, test day and treatment-by-test-day interaction, as well as the continuous fixed covariates of baseline and baseline-by-test-day interaction. A spatial power covariance structure was used to model the within-patient error. Patients were considered as a random effect. TDI focal score was analysed using the same MMRM approach. Rescue medication use was analysed as weekly mean number of puffs per day using analysis of covariance separately for each week, with a fixed categorical effect of treatment and baseline as a continuous covariate. For the responder and deteriorator analysis, a logistical regression, which included the fixed categorical effects of treatment, was used to calculate the odds ratio of responders between treatment groups. Time to first deterioration was analysed using a Cox proportional hazards model.
Further details can be found in the existing publications. 18, 19 All studies were performed in accordance with the Declaration of Helsinki, the International Conference on Harmonisation Harmonised Tripartite Guideline for Good Clinical Practice and local regulations. Protocols were approved by the authorities and ethics committees of the respective institutions, and signed, informed consent was obtained from all patients.
Study outcomes and assessments
In all studies, the TDI was performed by trained clinic staff, 31, 32 assessing change in the amount and extent to which breathlessness limits activity levels. An increase of ≥1 unit from baseline on the TDI scale is considered clinically relevant 27 and was used to define TDI responders. TDI deteriorators were defined as those patients with a decrease in TDI focal score ≥1 unit from baseline. SGRQ total score was assessed at 12 weeks in OTEMTO and at 24 weeks in TONADO, assessing patients' current health state, including symptoms, activity levels and impact on daily functioning. Patients were classed as responders or deteriorators if SGRQ total score was decreased or increased by ≥4 units from baseline, respectively, based on the proposed MCID for SGRQ. 33 In all studies, rescue medication use, including night-time rescue medication use, was recorded by the patient in an e-diary. AEs were recorded throughout the study. 
